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PRELIMINARY DATA ON LUNAR SOIL SUPPLIED BY 

AUTOMAT I C STAT I ON "LUNA- 16 It 

A. P. Vinogradov* 

ABSTRACT. Results of preliminary research on a 
sample of lunar s o i l  obtained by automatic s t a t i o n  "Luna-16" 
are given. Data on t h e  granuldmetric cha rac t e r i s t i c s  of t h e  
r ego l i th  are given, on i t s  o p t i c  proper t ies ,  types of rock 
components, and mineral content. The chemical composition 
is  determined f o r  macro- and microelements f o r  various p a r t s  
of the  core sample and f o r  lunar  basa l t .  The i so top ic  compo- 
s i t i o n  of i n e r t  gases and several elements is studied. 
according t o  the  F&/Sr method is determined a t  4.25-4.85 
b i l l i o n  years. 

Age 

As is already known [l], automatic s t a t i o n  "Luna-16" obtained f /261** - 
the  lunar s o i l ,  taken from the northeastern pa r t  of t h e  Sea of F e r t i l i t y ,  a t  

a point with coordinates of 0" 41' south l a t i t u d e  and 56' 18' east longitude, 

approximately 100 km w e s t  of Webb Crater (Figure 1, see i n s e t  t o  page 6 )  

The Sea of F e r t i l i t y  carries traces of r e l a t i v e l y  qu ie t  subsidence; i ts  

shorel ine is not framed by a c i rc le  of mountains but has a jagged out l ine.  

The Sea is a p la in  with low (100-300 m) branching swells crossing it .  There 

is no r a d i a l  system of l a rge  craters i n  t h i s  section. The lunar s o i l  from t h e  

Sea of F e r t i l i t y  character izes  a new region of lunar  "sea" surface.  Thus, 

~ ~ ~~ * 
V. I. Vernadskiy I n s t i t u t e  of Geochemistry and Analytical  Chemistry, 
USSR Academy of Sciences, Moscow. ** 
Numbers i n  the margin ind ica te  the pagination i n  the  o r i g i n a l  foreign tex t .  
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three vas t  maria on the v i s i b l e  s ide  located along the lunar  equator - the  Sea 

of Tranquili ty (samples from "Apollo-11"), the Sea of Storms (co l lec t ions  from 

"Apoll0-12"), and t h e  Sea of F e r t i l i t y  (samples from "Luna-16") - make i t  

possible t o  present a veiy complete p i c tu re  of t h e  nature  of lunar  surface rock. 

A d r i l l  which dug i n t o  the rock t o  a depth of 35 cm was used t o  c o l l e c t  

Deeper, 

A core of the 

The core sample of loose rock - t he  regol i th  - 

the  loose surface material of the  Sea of F e r t i l i t y  - the regol i th .  

i t  s t ruck hard bedrock o r  individual  l a rge  fragments of rock. 

r ego l i th  f i l l e d  the  d r i l l .  

w a s  t ransfer red  i n  a helium chamber t o  the receiving chute. There was no 

v i s i b l e  s t r a t i f i c a t i o n ,  and it  seemed homogeneous (Figure 2) .  Only a small 

p a r t  of t h e  s o i l  a t  the end face,  a t  a depth of 35 cm, w a s  composed of coarse- 

grained material. 

101 g. 

powder which is easy t o  form o r  s t i c k  together i n  separate loose p i l e s .  

grains are e i t h e r  fused and rounded o f f ,  o r  angular. Granularity of the  rego- 

l i t h  increases with depth: 

The numerical d i s t r i b u t i a  of grains  c losely corresponds t )  a pawer law, which 

the d i s t r ibu t ion  of p a r t i c l e s  obeyed i n  repeated crushing. The median s i z e  of 

grains increased from the  surface t o  the i n t e r i o r  of t he  regol i th  from 70 t o  

120 pm. 

several zones can be distinguished: A, B ,  C,  D, and E. The r ego l i th  of each 

zone w a s  studied. Zone A-B is finely-grained material with a small content of 

1 coarse f r ac t ion  and occupies from 0 t o  15 c m  of the length o f  the  core 

sample. 

fragments and o ther  p a r t i c l e s  measuring more than 3 mm. It occupies from 15 
t o  33 cm of the core sample length. 

33 to  35 cm of the  length (Figure 3). 

The t o t a l  weight of t h e  r ego l i th  obtained by "Luna-16" was 

The regol i th  as a whole i s  an evenly-grained dark-gray (blackish) 

The 

average-sized granules of 2, 0.1 mm predominate. 

Based on t h i s  and on the  character  of t h e  r ego l i th  core sample, 

1262 

Zone C-D is  variously-grained material with the inclusion of rock 

Zone E is a coarse-grained material from 

Thus, the regol i th  i n  t h e  Sea of F e r t i l i t y  is  not  very th ick ,  Q 35 cm a t  

the sampling point ,  and possibly reaches 0.5-1 m o r  more, resembling t h e  thick- 

ness of t h e  regol i th  i n  the Ocean of Storms, which is assumed t o  be T, up t o  

1-3 m,  whereas f o r  t h e  Sea of Tranqui l i ty  i t  is assumed t o  be up t o  6 rn. 

probably do not y e t  know the t rue  average thickness of t h e  regol i th .  

We 
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Figure  2 .  Photograph of the  lunar soil i n  the  rece iv ing  chute.  
A t  t h e  r i g 5 t  is the deep part a€ t he  care sample; a t  
t h e  end of t h e  c h u t e ,  t h e  more deeply-granulated 
mater ia l  is seen. 

A s rudy  of phys ica l  properties h a s  .hawn t ha t  the r e g o l i t h  has a s p e c i f i c  
3 weight i n  i t s  na tu ra l1 . ;+ rac i f i ca t , i on  of . 1.17 (1.20) glcm . 

3 By mechanical compaction, i t s  d e n s i t y  can bc brought  to 2 . 3  Icm . Spec i -  

f i c  heat is 0.17 kcallkgedsgree, heat ronduc?ivitxv is 1,9*1Q-3 kcal/m*hr*degree, 

spec i f i c  e l e c t r i c a l  resistaace is 3 . 4 ? * 1 0  ohm-n, e t c ,  

t h e  r e g o l i t h  i n  n a t u r a l  stratification, o u t  i n  coridit iotis  where t h e  pressure 

of  the s u r r o u n d i n g  medium is LO 

6 T h i s  does no t  re la te  t o  

- 5  2 
t o r r ,  and t h e  r e g o l i t h  load is 160 kg/k  . 
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Optical propert ies  were determined. For the Sea of F e r t i l i t y ,  on the  

average, albedo i s  0.069, bu t  i n  the area immediately around t h e  s i te  where 

"Luna-16" landed, i t  is  0.105. Direct determination on t h e  regol i th  sample i s  

0.107. 3.086 i n  the u l t r a -  

v i o l e t  range, 0.126 i n  the near-infrared and 0.107 i n  the v i s i b l e  range of the  

spectrum. 

i s  c lear ly  noted; the  angle of maximum l i g h t  r e f l ec t ion  is  somewhat g rea t e r  

than the angle of incidence. 

length and with decreased angle of l i g h t .  

Normal albedo i s  somewhat higher i n  the  red rays: 

According t o  the  ch;: r c t e r i s t i c  r e f l e c t i o n  curve, a mirror component 

This is  h t e n s i f i e d  with increased l i g h t  wave- 

Basic zones 
(Shown is t h e  average s i z e  of 
f r ac t ion  p a r t i c l e s  less than 
1 mm) 

Solid bedrock 
(or i ts  fragments) 

Fine-grained material with a 
small content of rough f rac t ions .  
Fragments of rock l a r g e r  than 
3 nnn not included. 

Variously-grained material with 
the  inclusion of fragments of 
rock and other  p a r t i c l e s  measuring 
over 3 mm. 

Coarse-grained material 

Figure 3. Diagrammatic core sample 
of luiar s o i l .  
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Under microscopic examination, t h e  loose  s o i l  of  l u n a r  seas, t h e  r e g o l i t h ,  

e x h i b i t s  a very c o n t r a s t i n g  c h a r a c t e r  i n  comparison wi th  loose  Ear th  s o i l .  

Nei ther  i s  t h e  r e g o l i t h  l i k e  a s k s  from Ear th  volcanoes.  Two b a i l L  combinations 

of p a r t i c l e s  can be d i s t ingu i shed :  basalt ic p a r t i d i e s  of primary magmatic sur -  

f ace  rocks,  which w e  noted from t h e  d a t a  o f  automatic  s t a t i m  "Luna-LO" as f a r  

back as 1966 [23, and p a r t i c l e s  sub jec t ed  t o  apprec i ab le  t r ans fo rma t l sz  S L I  t h e  

lunar su r face .  The f i r s t  group i s  c h a r a c t e r i z e d  by an extremely r ecen t  f a c e ,  

observed on Ear th  only  on f r e s h l y  broken samples of  una l t e red  rocks;  they c a r r y  

p r a c t i c a l l y  no traces of r o l l i n g  and are angular  shaped. The seconc m p  

r e t a i n s  obvious traces o f  fus ion  - s i n t e r e d  p a r t i c l e s  w i th  complex ~ U - X S ,  v i -  

t r i f i e d  from t h e  s u r f a c e ,  a l a r g e  number of  s p h e r i c a l  fused formations - l i k e  

s o l i d i f i e d  d r o p l e t s  w i th  a v i t r e o u s  o r  metallic f a c e ,  similar t o  

on Earth.  

s o l i d i f i e d .  

Figure 5, var ious  p a r t i c l e s  are c o l l e c t e d  i n t o  groups: gabbro, b a s r l t s ,  

a n o r t h o s i t e s ,  b r e c c i a s ,  va r ious  p a r t i c l e s  a l s o  Figure 6 )  The scanning 

e l e c t r o n  microscope shows (Figure 7, 8) t h a t  l a r g e  s i l i c a t e  p a r t i c l e s  are 

covered wi th  a f i n e  f r a c t i o n  of o t h e r  p a r t i c l e s .  

p a r t i c l e s  i n  a r e g o l i t h  f r a c t i o n  o f  +0.45 mm is shown i n  Table 1. 

11  cosmic globules"  

These p a r t i c l e s  i n d i c a t e  t h a t  t hey  were formed from l i q u i d  and qu ick ly  

F igure  4 shows r e g o l i t h  p a r t i c l e s  under the  microscope, and i n  

The conten t  of va r ious  

P a r t i c l e s  of b a s a l t i c  rock are of a t  least two types which c h a r a c t e r i z e  

t h e  s o l i d i f y i n g  condi t ions  of t h e  b a s a l t i c  melt - f ine-grained b a s a l t s  (wi th  

g l a s s )  and coarse-grained b a s a l t s  of t h e  gabbroid type (F igure  9 ) .  They have 

an o p h i t i c  s t r u c t u r e  and form one f o u r t h  of t h e  e n t i r e  coarse-grained f r a c t i o n  

(over 0.45 mm) . 
i l m e n i t e ,  and more r a r e l y ,  o l i v i n e .  Thei r  r e l a t i v e  conten t  v a r i e s  cons iderably  

i n  d i f f e r L n t  p a r t i c l e s .  Thus, w e  can now say t h a t  a vo lcan ic  process  took 

p l ace  on t h e  Moon, w i th  e rup t ion  of b a s a l t s ,  ar.d e v i d e n t l y ,  formation of  t h e  

l u n a r  crust, whose exac t  t h i ckness  w e  do n o t  y e t  know. 

The b a s i c  minera ls  of t h e s e  rocks are p l a g i o c l a s e ,  pyroxene, 

I n  ou r  opinion,  t h i s  u n i v e r s a l  p rocess  of e r u p t i o n  of  e a s i l y - f u s i b l e  

material from t h e  depths  of t h e  Moon (with degassing)  proceeded by zone fus ion .  

Feldspar  rocks ( a n o r t h o s i t e s )  and wh i t e  c r y s t a l l i n e  g r a i n s  are a l s o  encountered. 

- /264 
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TABLE 1. DISTRI3lrZION OF PAXTICLES OF VARIOUS ROCKS I N  M.45 mm 

1 

Rock A B 

Gabbrn 13.1 17.5 
B a s a l t  7.3 9.0 
Anorthosite I 1.1 3.7 
Breccia 33.9 41.4 
Slag and sin;er 40.0 17.5 
Class and s i n g l e  2.3 4.0 

grains  
Spherules 1.2 1.3 
Various p a r t i c l e s  1.2 5.7 

Total number of 
p a r t i c l e s ,  pieces 838 29 7 

Weight of f rac t ion ,  
g 0 . 230 0.100 

I I 

FRACTION I N  ZONES A, B ,  C, D ,  NUMERICAL % 

C 

8.1 
4.9 
2.5 
35.5 
21.8 
6.2 

1.2 
- -- 

2351 

0.560 
I 

D 

15.2 
7.9 
4.5 
8.3 
53.5 
6.1 

1.6 
2.6 

755 
~ 

0.260 

'flieir content is unknown. Their o r i g i n  on Earth is a l s o  not  very clear. 

Breccia is cemented, l i t h i f i e d  rock, formed as a result. ol' Lhe compaction 

of f ine ly  divided r ego l i th  material and containing, i n  various proportions, 

all the  components, including p a r t i c l e s  of primary magmatic rock, njckel-iron 

a l loy ,  e tc .  In some brecc ia ,  a ro l l ed  form of p a r t i c l e s  is noted, and some- 

times weak compaction, which makes them easy t o  crush. 

p r i s e s  up t o  40W of the  t o t a l  n d e r  of pa r t i c l e s .  

Magnetic brecc ia  com- 

Slag and s i n t e r  are f i n e  caked p a r t i c l e s ,  forming very complex, uneven 

branched aggregates. They are composed of all regol i th  components. 
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Glass is v i t r i f i e d  and s c o r i f i e d  particles. In  general ,  at  least half  

of all regol i th  particles are fused o r  scorir ' ied on one o r  s eve ra l  s ides .  De- 

pending on composition (Fe o r  T i  content,  e t c . )  they have various colors  - 
from dark greyish brown t o  black tones. 

smooth glazed e - t r i f i c a t i o n  are encountered. This is typ ica l  lunar  fusion,  

occurring i n  the instantaneous heat ing of a bas i ca l ly  cold p a r t i c l e .  

Both ves icu lar  s lag- l ike fusion and 

So l id i f i ed  drops a r e  globules o r  s i m i l a r  formations. Various shapes of 

globules are encountered - pear-shaped, dwbe l l - shaped ,  e t c .  - an3 various 

co lors  - transparent , cloudy-hite, greenish,  yellcwish brown, opaque, of ten  

hollow. Their spark le  ranges from g la s s  t o  metallic. Their number increases  

i n  f i n e  f rac t ions .  

temperature a t  which rocks m e l t ,  when they are sprayed i n  a molten state. 

They are formed a t  temperatures much higher  than t h e  

However, grains  of separa te  micerals are noted: plagioclase,  o l iv ine ,  

anor th i te ,  pyroxenes, sp ine l s ,  i lmeni te ,  iron p a r t i c l e s .  We s h a l l  re turn t o  

nickel-iron particles i n  t h e  r ego l i th  later. The content of various minerals 

i n  the  r ego l i th  is given i n  Table 2. 

s i g n i f i c a n t  and resembles t h a t  i n  t h e  r ego l i th  samples of "Apoll0-12", whereas, 

t h e  o l iv ine  content i n  sanples from "Apollo-11" is much lower. The i lmeni te  

content, f o r  example, is  close t o  t h a t  i n  samples from "Apollo-12", whereas, 

i n  samples from "Apollo-11" it is much higher  than i n  samples from "Luna-16" 

o r  "Apollo-U". 

W e  see t h a t  the  ol ivene content is qui te  

Olivine is found i n  t he  r ego l i th  only i n  the  form of separa te  

/265 uneven s ingle-crys ta l  fragments (acute-angled p ieces) ,  variously colored, as - 
w e l l  as i n  gabbro particles. 

o r  twinning e f f e c t ,  i.e., no l a t t i c e  stress. 

modification of o l iv ine ,  and is character ized by disordered d i s t r i b u t i o n  of 

magnesium and i r o a  atoms i n  the  s t ruc tu re .  

analysis  of a similar s i l i c a t e  p a r t i c l e ,  i t  has the following composition 

(weight %) : 

X-ray photographs ind ica t e  no la t t ice  deformation 

This is the ordinary alpha- 

As seen frorr micro X-ray s p e c t r a l  
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TABLE 2. MEASUREMENT RESULTS OF MFSSBAUER SPECTRUM 

OF LUNAR MATERIAL 

Soviet measurements 

Mineral 

USA ("Apollo-11") 

Ilmenite 
Pyroxene 
O l i v i n e  
I n n  
Troi l i te  
Magnetite 

Proportion of the to ta l  area of 
the Messbauer spectrum of iron- 
containing mineral., % 

This homogeneous crystal of o l iv ine ,  whose ferruginosity is 40 m o l  X Fe2SIO4, 

a lso  has the molecular formula: 

The most widespread mineral i n  the regolith is anorthite, followed by 

Anorthite is encountered in the form of fine-grained augite and ilmenite. 
aggregates i n  samples of basalt,  gabbro, globules and i n  a regolith f ine 



f rac t ion .  I so la ted  s ingle-crys ta l s  a r e  not found. 

Plagioclase is a lso  found i n  t h e  form of t r i c l i n i c l y  symmetrical s i n g l e  

c rys ta l s .  

rock where i n  a number of cases they play an important r o l e  i n  gabbro basa l t s .  

X-ray s p e c t r a l  ana lys i s  w a s  used to  study the  d i s t r i b u t i o n  of elements i n  

th in  sect ions of b a s a l t  which helped i d e n t i f y  the  minerals (Figure 10).  

Augite-pigeonite types of pyroxene are encountered i n  pieces of 

Ilmenite appears i n  the  bulk sample of regol i th ,  sometimes intergrown 

with augite.  

Concerning magnetic material, micro X-ray s p e c t r a l  ana lys i s  of sample 3-4b 

can be ci ted.  Surface ana lys i s  (without preparing a t h i n  sec t ion)  ind ica tes  

uneven d i s t r ibu t ion  of Fe, N i ,  C r ,  T i ,  S i ,  Al, Mg, and Ca. Zones with rock- 

forming elements are distinguished, as w e l l  as zones with increased concentra- 

t ions  of Fe and N i  - Fe Q 6% and N i  Q 1%. At several po in t s ,  i r o n  content t o  - /267 

66% and n icke l  t o  6% are observed. 

succeed i n  f inding n icke l  i n  magnetic p a r t i c l e s .  

cles detected alpha-iron, i.e., kamacite. Taenite was not detected.  The 

volume of i r o n  particles i n  the  r ego l i th  is less than 1%. 

say anything d e f i n i t e  now about the occurrence of these p a r t i c l e s .  

s h a l l  see f u r t h e r ,  t h e  amount of nicke l  i n  the  r ego l i th ,  i n  coupmison with 

monolithic rock (basa l t s )  increases ,  i n  t h e  case of da t a  from "Luna-16", as 

w e l l  as "Apollo-11 and -12", on t he  average, by f i v e  times, but  cobalt  -only 

1.5 times the maximum. 
the  regol i th ,  whereas 

than i n  rock. 

(chief ly  of the  bas i c  elements), mass s p e c t r a l  ( a l l  t h e  elements), spectral 

and activatior,  methods - s e l e c t i v e l y  f o r  separa te  elements (Table 3) . 

Chrome s p i n e l  appears i n  t h e  form of dark-colored s i n g l e  c rys t a l s .  

However, Messbauer spectrocopy did not 

X-ray ana lys i s  of i r o n  p a r t i -  

It is d i f f i c u l t  t o  

As w e  

Moreover, w e  see a very s m a l l  p l a t ino id  content i n  

i n  i ron  meteorites i t  is many hundreds of times grea te r  

A chemical ana lys i s  w a s  made simultaneously by X-ray s p e c t r a l  

As we see, var ia t ions  of the  main composition of the r ego l i th  on t h e  

four  l eve l s  a r e  i n s i g a i f i c a a t .  

posi t ions between the  r ego l i th  and b a s a l t  rock. 
of rock from "Luna-16" with lunar rock samples from "Apollo-11 and 12", the 

Much more notable  are t h e  differences of com- 

If w e  compare t h e  composition 
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differences as a whole a re  a l s o  small, with the exception of T i  and Zr con- 

t e n t ,  and seve ra l  other  chemical elements found i n  small quan t i t i e s  i n  lunar  

rock (microelements) (Table 4). 

We must note  t h e  high contant of F, S, C 1  and other  v o l a t i l e s  which have /268 - 
diss ipa ted  from t h e  Moon. 

p a r t i c l e s  possibly containing comaon gases ; these are being invest igated.  

However, vacuoles have been detected in r ego l i th  

Cumparison of t h e  chemical composition of the regol i th  and monolithic 

rock i n  the th ree  maria ind ica t e s  t h a t  t h e  material is the  same everywhere, 

with var ia t ions  of composition both i n  the  r e g o l i t h  and i n  monolithic rock. 

The largest difference i n  the  composition of rocks from "Luna-16" is in the  

low T i  dontent. 

Storms ('1Ap0110-12'1) o r  almost ha l f  a s  much as i n  the  Sea of Tranquili ty.  

Ja r ia t ions  i n  the  content of  Mg and Fe are small (Table 5 ) .  

It is p r a c t i c a l l y  identical .  with rock from t h e  Ocean of 

/269 The l a r g e s t  amount of Z r  is noted i n  c r y s t a l l i n e  rock from the  Sea of - 
Tranquili ty where there  is much T i ,  Y and Sc. 

of macroelements, as w e l l  as N i  and many microelements, is p r a c t i c a l l y  iden t i -  

cal i n  the  three  maria. Of much g rea t e r  i n t e r e s t  a r e  the differences in 
compodtion of t h e  r ego l i th  and na t ive  rock i n  t h e  same sea. 

recur i n  a l l  t h ree  maria. For example, the content of Fe, T i ,  and Z r  is 

always higher i n  na t ive  rock than i n  the  regol i th .  N i  content is always 

higher i n  the  r ego l i th  than in c r y s t a l l i n e  rock. The conformity of T i  con- 

t e n t s  i n  c r y s t a l l i n e  rock and i n  the  r e g o l i t h i n d i c a t e s t h a t  the  r ego l i th  w a s  

The content of t h e  majcr i ty  

These d i f fe rences  

/2 70 formed i n  place and not introduced from somewhere else (as volcanic ash). - 
The quant i ty  of Ca and U203 increases  i n  t h e  regol i th .  

is r i ch  i n  plagioclase and poor i n  pyroxene, o l iv ine ,  ilmenite (and sp ine l )  ; 

i.e., c r y s t a l l i n e  rock is more mafic than the  regol i th .  

are most often contained i n  c r y s t a l l i n e  rock from t h e  Sea of Tranqui l i ty  - 
Y, TR, Zr, Sc. This a l s o  relates t o  To1 and U (Table 6).  

Thus, the r ego l i th  

Rare l i t h i c  elements 

We have already noted t h e  

regol i th .  There are s t i l l  few 
low content of p la t i ao ids  and gold i n  the 

da ta  i n  t h i s  area, but the  following 

3.7 



TABLE 3. MICROELEMENT CONTENT IN REGOLITH FRACTION OF 

Component 

* 
X-ray spe 

ZONES A, B, C, D, WEIGHT %* 

4 1 , ;  
I T), :r2 
iii ,so 
12.91 
S , i:i 
3.39 
0 , O t S  
0.3I 
0.21 
0.37 
0,lO 
0,19 

tral method 

C 

TABLE 4. MICROELEMENT CONTENT IN ROCKS FROM "LUNA-16" (MASS-SPECTRAL An- 

SPECTRAL DETERMINATION), PARTS PER M I U I O N  

spectral det e d n a t  i OIL 
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TABLE 5. COMPARISON OF THE CONTENT OF THE REGOLITH AND CRYSTALLINE 
ROCKS FROM T€iE TEiaFlE SEAS 

(macroelements X ;  microelements parte per million) 

. Rb 
Ba 
Sr 
Yb 
Y 
Zr v 
sc 
Ki  
co 
cu 
Li 

i Ga 

Crystalline rock 

Sea of 
Tranquil- 
l i t y  s 
C o l l .  by 
llApouo 

11" 

Sea of 
stom. 
Coll. by 
"Apollo 

12*' 

sea of 
Fert i l i ty  
C o l l .  by 
"Luna- 

16" 

40 
11.2 
3,; 

21,3 
i9.7 
10.7 
0,95 
0,065 
0, 26 
I J .53  
0.023 - 

. 43.8 
13;65 
4.9 
i9,35 
7.05 

10,4 
. 0938 

Ot55. 
. .o,m 

0.28 
0,04 
0.04 

sea of 
Tranquil= 
l f t y .  
Coll. by 
"Apollo 
U" 

Sea of 

-11. by 

12" 

S t Q m  

"Apollo 

~ ~~ 

- - . . 

42 
I4 . 
3.1 ' 

17 . . 
12 
io 
0.4 
0.18 
0,23 
0.41 
0,09 
0.025 

3 9 2  

420 
1 i G  

i30 
670 
64 
47 

200 
4% 

il 

- 

- 
- 
.- 

sea of 
Fertility 
all. by 
"Luna-16" 

. Q;34' 
... 0.10 
.. 0,21 

" 0,28' 
0.013 
c 

. ' .  
5.9 

114 
i 69 

3.5 
55 (0 
347 
61 
27 

190 
L3 
3 7 
10" 
4.9 

( 4 1  
! 
i 4  



TABLE 6. CONTENT OF Th and U,  PARTS PER M I U I O N  

Regolith 

Luna- "Apollo- "Apollo- V I  

11 " 12" 16" 

Crystalline rocks 

"Apollo- "Apollo- " Luna- 
11" 12" 16" 

*determined by the mass-spectral method. 

TABLE 7. DISTRIBUTION OF PLATINOIDS AND GOLD I N  LUNAR ROCKS, 

PARTS PER MILLION 

I Pt I Pd I Ir I Ru i Rh I Au Rock 

Earth basalts 
C r y 8  t al l in6  lunar rocks : 

[ 0,02,0,02' I 1' - I - 1 - I 0,004 

- -  O,OOG* 0,0001-0,01 - - I - l 0 . P  I I - I 1 IO,OOi6**** 
Coll . by "Apol l~- l l"  
Coll . by "Apollo-11" 
Coll. by "Ap0110-12" 
Coll. by "Luna-12" 

Coll. by "Apollo-11" 
Coll. by "Luna-16" 

In the regolith: 

I =  E;K 
P7 In iron meteorites: 

'I - 

* Baedecker, Waerson. S c i . ,  Vol. 167, No. 3918, 1970. ** M ~ z ~ ~ o u  et ale Sci.9 Wol. 167, NO. 3918, 1970. *** Lala, K e q a , ,  attty, 4nderi~. Bcarth a. Planetary S c i .  
Letters, Vol. 9,  No. 2, 1970. **** WQnlre s t  ale Scim, Val, 167, NO. 3918, 1970. 





It is not without i n t e r e s t  t o  note tha t  t h e  in f ra red  spectrum of the 

regoiittr ind ica tes  the presence of a wide s t r u c t u r e l e s s  absorption band i n  tne 

region of silicon-oxygen bond f luctuat ions.  

i n  an argon atmosphere t o  lO0Oo C leacis t o  the appearance i n  tha  in f r a red  spec- 

trum of a d i s t t n c t  s t r u c t u r e  - separa te  bands connected with the absorption 

of i so l a t ed  and compound Si04-groups, silicates, etc. Consequently, it ian be  

assumed t h a t  the regol i th  material has been i r r a d i a t e d ,  and possible  changes 

developing as a r e s u l t  are removei by annealing. 

Annealing the r zgo l i th  specimen 

Solar  wind a f f e c t s  the rock, causing the formation of shearing products 

a t  shallow depths - 3-5 cm. 

a c t i v i t y  both fn t h e  upper l aye r s  of the regol i th  and at  its base. 

c0uJ.d explain the h i s to ry  of t h e  r ego l i th  buildup. 

Therefore, we decided t o  measure the  induced 

Results 

me regol i th  contained inert gaseR of unusual composition, whose content 

( the r ego l i th  sample w a s  r e l a t ed  did no t  depend on the depth of the regol i th  

t o  zone D) (Table 8). 

TABLE 8. CONTENT AN9 ISOTROPIC COMPOSITION OF INERT GASES I N  
-8 3 SAMPLES OF DUST, 10 

- .  , Sea of , - 

Isotopes F e r t i l i t y  
. samp&e -1 

18000000 
2670 

340 OOO 
12,N 
0,00332 
!3 0170 
0,L 
5.26 

8,s 
1 22 

i 

Il~a-1- 
2560 

313 OOO 
124  

0.0340 
38 500 

1 ,I 
5,20 
21 
10 

29 OOO 000 
2139 

530 000 
4 2 , s  
0,00332 
57 OOO 
i.126 
5,19 
37 
496 

1 Yo0O000 
27TO 
125 000 
12,6 
0,03S! 
56 000 
3,04 
5,08 

/i 71 - 
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Solar  wind gases are the dominant element of the  gases. Their compo- 

s i t i o n  d i f f e r s  grea t ly  from the composition of gases on t h e  Earth and those 

of meteorites. The concentration of t h e  gases is very high, several orders 

of magnitude higher than on t h e  Earth o r  i n  meteorites.  The H e  and N e  content 

corresponds with t h e i r  content i n  s e v e r a l  meteorites r i c h  i n  i n e r t  gases. 

The i so top ic  composition of A r  differs espec ia l ly  - f o r  example, Ar4O/ArS 2, 

2, 1, but Ar36/Ar38 Q 5.25 corresponds to  Earth. 

times grea te r  than its quant i ty  would be  if it  were formed i n  rock as a 

r e s u l t  of t he  decay of K . 
terrestrial composition and is being str:died fur ther .  

of t he  material from t h e  Sea of F e r t i l i t y  is c lose  t o  t h a t  i n  t h e  r ego l i th  of 

t he  Sea of Tranqui l l i ty .  

obtained by the Rb/Sr method, primarily f o r  t he  f i n e  . -egol i th  f r ac t ion ,  which 

The quant i ty  of A r 4 0  is 4-5 

40 I so topic  composition of Xe a l s o  d i f f e r s  from the  

The i n e r t  gas content 

F i r s t  determinations of t h e  age of t h e  Moan were 

9 9 9 indicated 4.85.10 years  -4.25-10 + 0.27.10 years.  The isochronous average - 
9 9 is 4.45 and 4.65-10 + - 0.5.10 years. Thus, t he  samples fram the three maria 

are very c lose  according t o  absolute  age, foe., t h e  age of t he  Moon corresponds 

to  t h e  age oE t h e  Earth. The same values are obtained by Pb206/Pb Age 

is d i f f i c u l t  t o  calculate by the  K/Ar method. 

is of s p e c i a l  i n t e r e s t .  

20 7 

The exposed a- of t h e  r ego l i th  

Thus, t h e  lunar  rocks from the three  maria are of one general  type - 
b a s a l t s  - and t h e i r  composition var ia t ions  depend on t h e  conditions of their 
melting, but  fram the  r ego l i th  a somewhat d i f f e r e n t  s t o r y  follows. 

Rock from the Sea of F e r t i l i t y ,  as w e  see, is c lose  to  the  conpocition 

of rock from t h e  Ocean of Storms. However, for example, in terms of content 

of i n e r t  gases i n  the  regol i th ,  i t  is close t o  the r ego l i th  of the Sea of 

Tranqui l l i ty ,  etc. 

L e t  us turn t o  several preliminary caasi4erat ions.  

t o  express a definitive opinion on processes on t h e  luna r  surface.  

conC'ine ourselves t o  da t a  obtained in studying rock samples from "Lwa-16" 

from the Sea of Fe r t i l i r -p ,  and na tu ra l ly ,  w e  w i l l  compare them with da t a  

It is still premature 

We will  
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obtained i n  the  f l i g h t s  of "Apollo-11 and 12". Material from a l l  th ree  maria 

- the  Sea of Tranqui l l i ty ,  t he  Ocean of Storms and t h e  Sea of F e r t i l i t y  - 
are remarkably similar in pe t ro logica l ,  mineralogical and chemical composition, 

although d e t a i l s  d i f f e r .  

t o r  are depressions once flooded with bas ic  lava. 

the age of in tens ive  volcanic ac t ion ,  a l a rge  mass of b a s a l t i c  rock was pcured 

out onto the surface of t he  &on, accompanied by the  d i s s ipa t ion  of gases. 

Depending on conditions of erupt ion,  depth, temperature, etc., a c e r t a i n  

va r i e ty  of t h e  commo~~ b a s a l t i c  sur face  rock of t h e  Moon was created,  according 

to the  content of Fe, T i ,  Z r ,  B a  and o the r  elements. 

magma is n o t  of d e f i n i t i v e  importance i n  this endogenous process. It is pos- /272 

s i b l e  t o  f ind  rocks derived from b a s a l t s  (anorthosite, r io l i te ,  etc.). 

still  do know the  thickness of t h e  b a s a l t  crust of t h e  Moon. 

The huge luna r  emria located along the Moon's equa- 

A t  some long pas t  time, in  

The fe r ruginos i ty  of 

We 

The absolute age of t h e  luna r  su r face  rocks, more a-curately the age of 

t h e  Moon, corresponds almost exac t ly  t o  the  age of t h e  Earth. 

covered w i t h  a r ego l i th  layer.  

and at t h e  sampling point i n  t h e  Sea of F e r t i l i t y  €or "Luna-16" i t  was not  

more than 0.5 m. 

as w e  have already seen, is a nonhomogeneous mixture of g ra ins  of rock, minerals 

of various s i z e ,  form and color ,  both fused and angular pa r t i c l e s .  

the r e l a t i o n  between various granules varies, although any kind of stratifi- 
cat ion of the  material is no t  noted. This material is t h e  result of rocks 

being crushed at high temperatures, which is responsible  f o r  t he  formation 

not  only of fused r ego l i th  p a r t i c l e s ,  but  also t h e  formation of spheroids. 

The r ego l i th  is not  l i k e  t h e  volcanic sand of volcanoes on Earth. 

s i t i o n  of t h e  r ego l i th ,  as w e  have seen, d i f f e r s  samewhat from t h a t  of lunar  

c r y s t a l l i n e  rocks. It contains a lesser amoamt of mafic elements. It should 

then be more e a s i l y  f u s i b l e  than primary b a s a l t i c  rock. Before touching t h e  

problem of the  formation of t h e  r ego l i th ,  let us recall the  bas i c  f ac to r s  of 

lunar  "weathering". 

lunar  sur face  rocks from t h e  lunar  day t o  lunar  n igh t  f o r  b i l l i o n s  of years  

- a temperature range % t l O O o  C. 

Lunar seas are 

Its thickness evident ly  varies considerably, 

Variations are probably wi th in  a few meters. The rego l i th ,  

In depth, 

The compo- 

They are, f i r s t  of a l l ,  temperature f luc tua t ions  of 

Then there  is rad ia t ion  of t h e  sur face  
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rocks of the moon by so lar  wind and galact ic  cosmic rays - also the vacuum i n  

which the lunar rocks exist and, finally, possible meteorite impacts. 

Probably the temperature fluctuations of the lunar surface rocks somehow 

affect t h e i r  strength,  but we cannot evaluate t h a t  now. Solar wind and galac- 

t i c  radiation have a considerable effect .  F i r s t  of a l l ,  on the b a s i s  of our 

observations, i t  would follow that  the whole regolith w i l l  show signs of the 

effect of solar wind to a depth of 35 cm. 
regolith contains a huge amount of s o l a r  i ne r t  gases. 

spectnnu of the regolith shows signs of its radiation. 

ta in ly  expect radioactive shearing products t o  be determined from deep regolith 

layers. 

i n  place or that  the his tory of its formation is wri t ten in layers there. 

In the sample from zone D, t h e  

Then, the infrared 

Finally, w e  must c e p  

This gives p r e l i a h a r y  indications that  e i t h e r  the regol i th  w a s  mixed 

Radiation does not penetrate deeply - i t  reaches the  f i r s t  several. 
centimeters of soil. 
inetamycality(s5c) in minerals composei? of radioactive elements, it follaws that  

they lose strength,  t he i r  c rys ta l  lattice is deformed, etc. However, t h i s  

does not usually lead t o  conplete disintegration of the minerals. We have 

t r i e d  t o  detect metamycality i n  par t ic les  of the  regolith.  

t ion begins its work mainly when t he  material is already crushed. 

so l a r  wind does not play a leading role in the process of crushing the material 

during regolith formation (its fusion), but a f f ec t s  the strength of the 

material. Usually, the formation of lunar maria and, therefore, primarily 

the formation of the  regolith which f i l l s  thea:, is connected with the action 

of f a l l i ng  meteorites, with impacts. 

f a l l  of clusters of meteorites on the side of the Moon facing the Earth in 
the region of present-day lunar mria located along the equator. 

these clusters f a l l  only 061 the visi i le  surface of the Moon, the s ide  most 
promheat  toward the Earth. 

proof of the “work” of meteorites would be t o  discover them on the lunar sur- 
face. However, meteorites and micrometeorites h i t  the Xoon with cosmic speeds. 

Experiment and calculation shuw tha t  one gram of meteorite material is capable, 

On the b a s i s  of observations and study of the  so-called 

Moreover, radia- 

Therefore, 

It  would be in te res t ing  t o  describe the 

Uhy did 

It is difficult  t -  explain. The most re l iab le  

I273  under these caaditiaas,  of exploding 2-3 orders of magnitude more - 
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lunar rock material and crushing it, etc. 

f l y  up at  great speeds i n  a wide range. Some of them can leave the  Moon, 

escaping t h e i r  gravi ta t ional  f i e ld ,  and appear on the  Earth (for  example, 

Eucrite). 

matter when we t r y  t o  explain the formation of the  regolith.  

par t ,  although very small, of the meteorite material remains on the surface of 

the Moon. We have given i n  this article preliminary data  on finding meteorite 

material i n  the regolith.  Undoubtedly i t  w i l l  be dfscovered. 

still  far from adequate f o r  explaining the formation of the whole lunar 

regol i th  . 

In t h i s  process, par t ic les  of rock 

W e  m u s t  always remember t h i s  s i tua t ion  with the lunar balance of 

However, some 

But it  is 

I would like t o  discuss something else. The most d i s t inc t ive  character- 

i s t ic  of the endogenous process of eruption of basa l t i c  rocks on the  Moon is 

their instantaneous contact with a high space vacuum. 

approaches the covering, and breaks through it. 

gases escape in to  a vacuum. Spraying of the l iqu id  magma  must occur, along 

with the loss, at  great  speed of its gases and other  volatiles. Along with 

other  tasks, we  would like t o  f ind an explanation, by this endogenic route, 

f o r  the or igin of t h e  regol i th ,  having set up experiments accordingly. This 
is part icular ly  true as the  cardinal question about the  balance of matter on 
the  Moon is important for understanding the geochemical processes on the  

Earth, especial ly  in the  f i r s t  b i l l i o n  years of its evolution. 

Magma on the  Moan 

The l iqu id  magma and its 
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